Abstract. Differential PKP AB -DF travel-time measurements are compared directly with predicted residuals for mantle tomographic models to investigate the heteroe;eneity of the lowermost mantle. Much of the AB -DF time 18 accumulated in the lowermost portions of the mantle, resulting in heavy weighting of 3-D lowermost mantle structure on the differential travel-time perturbations. Comparisons of the observations with tomographic models show strong model dependence. The best variance reductions are achieved using the recent P-wave model of van der Hilst et al. [1997] (up to 20%), but the heterogeneity in the lowermost mantle may be 8 times larger than what shown by the tomographic model. The predictions for present S-wave tomographic models correlate poorly with the observations if we assume P-velocity anomalies are proportional to S-velocity anomalies. We argue that S-velocity anomalies in the lowermost mantle do not always track P-velocity anomalies. Our study shows no obvious evidence of slab effect on the observed AB -DF anomalies and, thus, the use of PKP phases is likely to provide a powerful tool in mapping the P-velocity structure in the lowermost mantle.
Introduction
Research concerning the Earth's deep mantle structure is going through a revolution with considerable progress made m mapping out lateral variation. Many types of seismic data and techniques are used in this attack ranging from array stacks of body-wave phases to a variety of tomographic imaging techniques that use short-period body waves and long-period surface waves. Intercomparisons of these Earth models yield ever-increasing complexity, and, fortunately, some agreement. Recently, striking similarity was shown between tomographic models of Grand (see Grand et al., 1997) and , recovered from two very different travel-time data sets, particularly in up_per-and midmantle where the data coverage is the best. Grand's model is derived from his travel-time measurements of S, SKS and their multiples, while van der model relys on a large collection of P-wave arrival times obtained from the reprocessing of the International Seismological Centre (ISC) data .
In this note 1 we focus on the lowermost mantle by examining_ variatiOns in the relative travel times between the PKP DF branch, which penetrates the core-mantle boundary (CMB) abnost vertically, and the AB branch, which grazes the CMB (Fig. 1) . The use of the differential PKP times effectively reduces relatively large-amplitude lateral heterogeneity in the upper mantle because of the closeness of ray paths of the two branches. Preliminary study revealed systematic anomalies of up to 2.0 sin PKP AB -DF times for paths sampling different regions of the lowermost mantle [Song and Heimberger, 1993] . Here we trace PKP waves through a few P-and S-wave tomographic models of the mantle, as illustrated in F~. 1 and discussed later. The purpose is to develop a quantitative understanding_ of the effect of 3-D velocity structure of the mantle on AB-DF differential travel times and to provide a direct comparison Copyright 1997 by the American Geophysical Union.
Paper number 970101761. 0094-8534/97/9701-01761$05.00 of model predictions and the observations as a beginning effort to improve the resolution of P-velocity variation in the lowermost mantle. By comparing PKP data with S-wave models, we also examine the proportionality of P-and Swave speeds in the lowermost mantle, which has important bea.ring on the nature of the CMB.
Data
Two complementary AB-DF data sets are examined (Fig. 2) . One data set consists of the highly selective paths from Song and Heimberger [1993] , which are grouped into six summary paths (designated by Pl to P6) from events at similar locations to one of the six stations as indicated in Fig. 2a . The AB-DF differential times were measured from the cross-correlation of DF and AB after correcting for the Hilbert transformation associated with AB. Among a large population of event-station pairs, these ray paths selected ( 4 7 in total with cross-correlation coefficients larger than 0.5) provide relatively dense samples of a few spots of the CMB with robust differential time measurements.
The deliberate emphasis on repeated sampling of the same regions with high quality data provides a useful strategy in documenting robust systematic variations to be compared with tomographic models. However, the resulting small number of samples and sparse data coverage are disadvantageous in establishing the statistical significance of such comparisons. One remedy is to include AB-DF times from antipodal waves, which have been used previously by Poupinet et al. [1993] to study topography at the CMB. Fig. 2b shows the antipodal paths with relatively small angles with the equatorial plane in the inner core (equatorial paths) which were originally from various sources, including Poupinet et Tracing PKP ray paths through a tomographic model. A cross section of the model (S12WM13 of Su and Dziewonski [1994] in this example) is shown along the ray paths of the DF and AB branches of PKP waves. The time perturbation for a particular path is, to first order, the integral of the velocity perturbations (represented by different grey scales) along the ray path.
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Figure 2. Regions in the lowermost m&Dtle sampled by the PKP dat~ in this study. The heavy line segments indicate the trajectories of the AB branches within 600 km above the co~m&Dtle boundary. a) Data from Song and Heimberger [1993] . Dashed lines indicate six SllllliilM'Y ray paths Oabelled as P1 to P6 at the mid-points of the ray paths) for which systematic differential PKP times were observed. The event-station distances are between 1471' and 163°. b) Nem-antipodal data (distances from 168° to 179°) from various sources l&ee text). All the events (stars) and stations (inverse triangles) used are indicated.
al. [1993] and Vinnik et al. [1994] , and used in a recent study of Song [1996] on the anisotropy at the center of the inner core. The data quality varies, with high quality measurements (96 in total) from digital records and 138 measurements from short-period paper records (Poupinet et al., 1993] . Although the data coverage in the lowermost mantle is still generally poor and not uniform, the coverage (both in area and in azimuth) is much improved for the region centered around the Fiji-Tonga-Kermadec sources in the Pacific and around the receivers in western Africa (Fig. 2) . Furthermore, the AB waves are more grazing (with larger incident angles) at antipodal distances than those at smaller distances, thus travel greater lengths in the lowermost mantle (Fig. 2} , which are more compatible with scale lengths attainable from tomography.
Comparisons with tomographic models
We tested a number of tomographic models and the results presented here include three P models, 102_56 [Dziewonski, 1984] , IFT090SH [Inoue et al., 1990] , and van der model ; and three S models, MDLSH [Tanimoto, 1990] , S12WM13 (Su and Dziewonski, 1994] , and Grand's model. The choice of these models is somewhat arbitrary, but they include the most recent P and S models as well as some of the very early ones.
The travel-time perturbation for an individual ra:y path is calculated by summing up velocity perturbations along the ray path, see Fig. 1 . The ray paths are obtained using the homogeneous Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981 ]. Fermat's principle implies that the time residual due to velocity perturbations, to first order, is the integral of the velocity perturbations along the same ray path. For a spherically symmetric model (1-D), 50% of the differential AB-DF time at distance 155° comes from the bottom 500 km of the mantle and more than 70% comes from the bottom 1/3 of the mantle or the bottom 700 km if at 17 4 °. Thus the effect of a 3-D tomoraphic model on AB-DF differential time perturbations IS weighted heavily towards the lowermost mantle.
The overall results for the P models are shown in F_!g. 3 for the data sets discussed above. The observed AB -DF differential time residuals were corrected by subtracting the predicted AB-DF residuals for a specific tomographic model from the observed residuals. Tlie variances of the resulting data sets are then divided by the variances of the corresponding original data sets to give relative variances ( Fig. 3} . The o~al variances are determined from the differential time restduals relative to PREM without mantle corrections. Clearly, the results vary widely with models and much of the data variances cannot be explained by the corrections for these models. However, it is very encouraging that larger variance reductions are achieved using later generations of models for both data sets. The best variance reductions are achieved using the most recent model of van der Hilst et al. [1997) , 8% for the antipodal data set, and 20% for the selected data set.
The results from the van der Hilst et al. 's [1997] model are examined more closely in Fig. 4. Fig. 4a shows the AB -DF §: Variance reductions of the antipodal data set corrected for the S tomographic models used in this study. The corrections were made by subtracting the products of the model predictions and various P-to-S ratios from the observed residuals. The S tomographic models are not successful in explaining the data variance.
residuals of the selected paths before and after the mantle corrections. The differences between the various paths are slightly reduced. However, systematic differences are still obvious after the mantle corrections, e.g., between path PI and path P4. This seems to indicate that although the predicted residuals are in the right directions, the amplitudes are too small. The conclusion is further supported by examining the correlation between the observed and the predicted residuals of the antipodal paths (Fig. 4b) . The great majority of the observed residuals vary from -2 s to 2 s (with the mean removed), but the predicted residuals are within -1 s to 1 s range with a few exceptions. The least-squares solution of the ratio of the predicted residuals to the observed residuals is 0.12±0.07 (slope of the solid line), indicating much larger heterogeneity in the lowermost mantle, perhaps by as much as 8 times, than what the model of van der Hilst et al. [1997] suggests for the region. Assuming that P-wave velocity variation is proportional to S-wave velocity variation throughout the mantle, i.e. dln Vp = k dln V. with a constant P-to-S ratio k, we also compared the observed AB -DF residuals with predictions for various S-wave tomographic models. Fig. 5 shows the percentage variance reductions of the antipodal data set after correcting for the tomographic models shown with various scaling factors (from -0.5 to 0.5). The results for the selected data set (not shown) are similar. As above, these results show strong model dependence. There are no variance reductions for models MDLSH and SI2WM13 and variance reductions peak at negative scaling factors (a negative scaling factor means that S anomalies are negatively correlated with P anomalies). But some variance reduction is achieved for the recent Grand's model, with a peak value of about 7% at a positive P-to-S ratio of about 0.2. If we assume the commonly-used value of 0.5 for P-to-S scaling, the variance would increase by 7% for Grand's model or a whopping 70% for SI2WM13. The abnormal P-to-S ratios (negative values or 0.2) and the small variance reductions strongly suggest that S anomalies do not always track P anomalies in the lowermost mantle.
One robust feature of tomographic models over the years in the lowermost mantle has been _pronounced low seismic velocities underneath the central Pacific surrounded by a circum-Pacific ring of high velocities, particularly in S models [e.g., Su and Dziewonski, 1994] . Such a feature has been speculated to be linked to the surface tectonics of the region, mirroring ocean rid&es, hotspots, and subduction zones, in that the central Pacific is an origin of hot mantle upwelling and the circum-Pacific ring the graveyard of cold subducted materials [e.g., Richards and Engebretson, 1992; Yuen and Peltier, 1980; Wysession, 1996] . We examined the anomalies underneath the central Pacific as a function of azimuth from the ray paths originating from the Fiji-Tonga-Kermadec region (Fig. 6) . Our data coverage is the best for the central Pacific region (Fig. 2) and previous detailed studies of S velocities, such as Garnero and Heimberger [1993] , prove useful for comparisons.
The observed AB -DF residuals from the antipodal paths that originate from the central Pacific show clear azimuthal variations (solid line, Fig. 6 ). The azimuthal variations are consistent with the systematic variations of those selected paths originating from the same region, i.e., relatively small residuals for summary path PI near an azimuth of 20°, relatively large residuals for summary path P4 near an azimuth of 230°, and values in between for summary path P6 near an azimuth of 345°. However, the predictions for both the S and P models fail to reproduce such azimuthal variations (for clarity, only one S model and one P model are shown). The azimuthal variation from the van der Hilst et al. 's [1997] model (dotted line) is too small, consistent with the results above. It is particularly striking that the predictions from S12WM13 (dashed line) appear anti-correlated with the observations in many azimuthal ranges. The apparent lack of correlations between the S-model predictions and the observed differential PKP times contrasts sharply with the moderate success of S wave tomographic models in predicting the trend of azimuthal variation of S -SKS data sampling the same region in the central Pacific [Garnero and Heimberger, 1993] .
Potential biases
Potential sources of error in the above analysis of the AB-DF times include uncertainties near the source and receiver, in addition to aspherical structure in the Earth's core, which was examined to some extent previously [Song and Heimberger, 1993] . Here, we discuss two likely important sources of error, the near-source slab effect and the anisotropy of the inner core.
Since a great majority of the data are from subduction zone events; a potential bias arises from the near-source slab effect, resUlting in waveform distortion and dispersed precursors [Vidale, 1987; Cormier, 1989; Gubbins and Snieder, 1991] . However, because DF and AB paths are very close together in the upper mantle, one may expect that nearsource structure such as slab affects DF and AB waveforms and travel times similarly and, thus, perhaps do not affect the cross-correlation. A good way to check this is to examine the AB -DF times for events occurring at different depths along the slab, an extreme case being that AB travels down-dip along the slab while DF misses it. Examination of our high-quality selected data set, which include only subduction zone events, shows no obvious systematic changes in AB -DF times with focal depth for any of the summary paths; and the cross-correlation coefficients between DF and AB show no dependence on depth (see Song and Heimberger [1993] for the AB-DF times and ihe cross-correlation coefficients listed), suggesting no obvious distortions caused by the slab effects predicted by Vidale [1987] and others. Thus, we conclude that our observed anomalies are unlikely to be caused by the near-source slab effect, although conflicting results have been noted by Helffrich and Sacks [1994] . Another possible source of error is DF anomalies caused by the well-known inner core anisotropy. However, this effect is only apparent for a ray traversing the inner core within 35° of the spin axis. No directional dependence of our AB-DF times is observed for these equatorial paths; corrections for the inner core anisotropy using 1-D anisotropy models result in no variance reduction for either the selected data set or the antipodal data set. In addition, our observed AB -DF anomalies do not support longitudinal variation of inner core velocity and anisotropy suggested recently [Tanaka and Hamaguchi, 1997; Creager, 1996] . For example, the longitudes of the DF bottoming points in the inner core of paths PI and P2 are similar (Fig. 2 ), yet the AB -DF residuals from the two paths differ by about 1.5 s (Fig. 4a) . Apparently, the effect of inner core anisotropy is overshadowed by the large scatter of the data.
Conclusion and Discussion
In summary, the velocity structure in the lowermost mantle has strong impact on AB-DF differential times and thus can be constrained by these differential travel time measurements. Limited success is achieved in predicting the observed AB-DF residuals by the most recent P tomographic model of van der Hilst et al. [1997] , but the residuals seem to indicate much larger heterogeneity in the lowermost mantle. With the abundancy of PKP observations, the use of PKP differential times is likely to provide a new and powerful tool in mapping the P structure m the lowermost mantle, which has begun to be addressed [van der Hilst et al., 1996] . The S tomographic models tested are not successful in explaining the observed AB-DF anomalies, su~sting poor correlation between P-velocity anomalies and S-velocity anomalies in the lowermost mantle.
The lack of correlation between P-velocity anomalies and S-velocity anomalies in the lowermost mantle has also been suggested in other studies, ranging from a study that examines a few patches the CMB using Pciiff and Sdiff [Wysession, 1992] to a study that involves a large quantity of absolute and differential travel times of P, S, SS-S, ScS-S, and PP-P from the Global Seismic Network [Bolton and Masters, 1994] . The more recent study by Robertson and Woodhouse [1995] uses ISC P and S arrival times to construct global models of P and S heterogeneity in the lower mantle and then compare them to investigate the proportionality between P and S hetemge~eity in the lower mantle. Th~y conclude that the correlatiOn between P and S models IS highly significant (with values between 0.6 and 0.8) in the lower mantle but gradually decreases towards the CMB and becomes less significant at the botto~ ..v200 km. In a very different approach, Ding and Heimberger [1996] carried out a detailed waveform modeling for deep South American events recorded by broadband arrays in California and found the lowermost mantle structure beneath Central America shows clear evidence for a discontinuity in S velocity but not in P. The fact that P velocity does not always vary in parallel to S velocity suggests that the lateral velocity variation of the lowermost mantle is significantly different than predicted from conventional thermal effects.
